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INTRODUCTION
Background

In the mid-1960's ocean enginecring att:‘acted cana:dez fzbke interest
in research and ﬁeveispment on providing man with the technelegv to
- work in the deep ocecan. Research on undersea concrete ;{: uctures was
initiated at this time.- and exploratory test results showed iimch px‘éﬁ}iSe
(Ref 1) for concrete structures at depths to 3.000 feet (1,000 meters).
‘The economic payoff of the research was that massive undersea mnc:ete
~ structures would cosl about one-tenth that of metallic structures.

 For the first several years. research was directed solely to con-
crete spheres, but tests on cylinders started about 39?{}. ‘The early
cylinder models had an outside diameter of 16 inches (406 mm}“j Param-
eters such as cylinder length, wall thickness, cnd closure conditions.
and concrete compressive strength (Ref 2 to 4) were investigﬁieé and
studied. | o ; |

The North Sea oil boom occurred in the early 1970's. and the first
offshore concrete platform, called Ekofisk. was ﬁuiit.k With the éuccess-
ful installation of Ekofisk in a wétei' depth of 270 feet (98 metefs}
industry ordered additional concrete structures for oil drxihng 3n§'
production. A dynamic development period ensueé during which it
became :gagaren{ that knewiedge on the behavior of pressure-resistant
concrete structures was substantially lacking. | :

In an attempt to make e\xstme: data known. Civil Engineex‘iﬁg
Lai}em{m‘v (CEL) test results were distributed widely (Ref 5 to 8}
However, the early work on cylinder airuriures was qu:te tcnhtwe
hemuse of hmlte{i data on thin-walled cylinders.



A myjor oil company proposed a test program on large-scale,
thin-walled concrete models.  This proposal cventually led to a joint
industry-Navy test program carried out at CEL. |

During this period another important test was conducted at CEL on
a large thick-walled concrete cylinder structure. The structure. called
SEACON 1, was part of an integrated seafloor engincering experiment to
demonstrate capability in constructing operational facilities in the ocean
(Ref 9). The structure was built in 1972, plaééd in the ocean at 600
feet (180 meters) for 10 months, and then retrieved. After being on
"display" for several years, it was tested lo failure in the ocean in 1976

to determine its implosion strength.
Objective

This report presents updated design guides for implosion of con-
crete cylinders. The guides are based on the test resuilts from the
thick-walled, SEACON 1, cylinder test (Appendix A) and from the
thin-walled cylinder tests (Append‘ix B). The approach to design is
similar to that alreadv presented in Reference 8. However. the new
data are superior to that presented previbusly. especially for the thin-
walled models. The updated guides for thin-walled cyvlinders allow such
structures to operate at considei‘ably deeper depths than indicated in
the past guides. '

Description of Tests

Thick-Walled Structures. The SEACON 1 structure was a rein-

forced concrete cylindrical hull having hemisphex'ical‘ end closures. The
overail structure length was 20 feet (6.1 meters): outside diameter,
10.1 feet (3.08 meters): and wall thickness. 9.5 inches (241 mm).
Steel reinforcement of 0.7% by area was used in both the hoop and axial

directions. At the time of the implosion test the concrete compressive

strength was 10,470 psi.




During the long-term loading test of the structure at 600 feet.
results were obtained on the structure's response f;'am‘ imnitial loading
and creep.  Although the data are interesting, the pressure load was
velatively ‘low, only L% of its ultimate strength. Of more significance
was the implosion test where the structure wis lowered into the ocean
until failure.  Complications occurred during this test which precluded
obtaining  structural  response éata‘ but the implosion §)14cssti‘149 ia::is
successfully obtained.  This test iwith its results is presented in g’&p;wﬁ-

dix A.

Thin-Walled Structures.  The thin-walled cylinder test program

encompassed 15 unreinforced concrete specimens. whose dimensions

were: 134 inches (3.1 meters) ‘length, 51 inches (1372 mm) O, and
1.31, .97, é:' 3.39 inches (33. 50, or 86 mm; respectively) wall thick-
ness.  Two different boundary conditions were mbdeled, a free and a
simpié support. in order that c:;fiinders of two eft‘ective icng‘ihS could
be studied.  The concrete conx;}‘:*essii'e strength  ranged ﬁetweexi a
nominal 7.000 to 8,000 psi (48 to 55 MPa). | o |

Structural deformations were monitored by recording radial dis-
placements around the circumference of the cyiiﬂdm*. Accurate initial
and  deflected {‘t*ass-sect.ion:ﬁ sh:ipes were obtained which showed the
progressive development of out-of-roundness. | N

An analytical study using actual material properties ’:H"ld geometric
conditions was conducted. A finite-clement analysis with an ad anced
constitutive material model was used. . ;
This test program on thin-walled evlinders is presented in s\g}pen-"

dix B.
DESIGN FOR IMPLOSION

Thick-Walled Cylinders

The design approach for unreinforced, thick-walled evlinders is

Cbased on oan average stress disteibution across the wall of the evlinder



at implosion.  Near implosion, the inelastic behavior of concrete along
with plastivity and creep impart a stress  distribution across the wall
that is more closely modeled by a uniform stress distribution than by an
clastic (l.amc‘) stress  disteibution, A uniform  stress at implosion s

exproessed by

R

0, p, 2 : m
im im t

where im wall stress at implosion

Pin = .implosion pressure
Ro = outside radius
t =

average wall thickness

The wall stress at implosion, Goyr Can be expressed as the ultimate

compressive strength of concrete multiplied by a strength factor.

¢. = k_ ' (8]
im c c
where ko = streagth factor for cvlinder structuves under
. N . . )
hydrostatic loading
f' = uniaxial compressive strength of concrete

The term kc was determined empirically.  Figure 1 shows kc as a
function of iength-to-outside-diameter. ratio, L/Do' forr cylinders of
various wnll-thickm*ss-to-outsido-di:unetor ratios. t/DO.

For cylinders under hydrostatic loading., the wall s stressed
biaxially in compression on the inside surface and triaxially in compres-
sion at all other locations.  The two major stresses are in the hoop and
axial direction where the hoop stress is about twice the magnitude of
the axial stress,  The third, and smallest, component of stress acts
radially . If the conerete is considered biaxially loaded, then the hoop-

fo-axial stress ratio of 2 s kaown (o inerease the compressive strength
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of nuuﬁ‘vlv by a factor of about 1,356 : (Ref 10). Thepefore, k- values
tor the «‘_\'limlh‘ test specimen of this progream should show g value on
the order of 1380 As & minimum, k(,‘ should be 1.0,

Figure 1 shows that short eylinders, those of l./l)ﬂ <~ 1, had o k‘_
around  1.25. However, longer eylinders showed a kc on the order of
1 0. The decrease in kv was  probably due to specimen imperfection.
The short  specimens  were  also  imperfect, but end-closure  effects
restrained the evlinder w_all." Al lv./l)0 of 2.0 the end-closure effects
were diminished.

An average kc alue of 0.89 was observed at l.,/l)0 = It was
speculated that some unknown fabrication or testing problem existed for
the cylinders of this length in comparison to the other specimens.®

For design purposes. a k(. = 1.0 was sclected for cvlinders of
l./l)0 > 2. The reader is reminded that this k(‘ includes the effect of
out-of-roundness and experimental error.  The reduction in k(; from
1.25 to .00 a 20% change. is difficult to assign solely to out-of-
roundness vf!‘oé‘t because thick-walled structures are usually insensitive
to small geometric out-of-roundness.”  Hence, kc = 1.0 should be =a

conservative strength factor for design purposes.

*Much attention was given to why k_ should be as low as 0.83. If
out-of-roundness was the sole causd. then the specimens showed a
decrease in strength of 29% due to out-of-roundness, which was too
large an effect for thick-walled cvlinders. There appecared to he no
reason based on engineering mechanics to cause cvlinders with L./ of
4 to fail at lower pressures than those at, say, L/D_of 8. It is %be-
lieved that some problem related to specimen fabrication or test was
responsible for the low strengths.  The author personally participated
in the fabrication and testing of some of the specimens under consid-
cration.  He discussed this topic with others involved in the test pro-
gram, and no procedure was singled cut as suspicious.  One procedure
that was  distinetly different for specimens of L/D . of 1 and 8 {rom
that of the shorter specimens related to the interiod mold.  The inter-
ior mold was made in segments having a length of 1L/D = 20 Cylinders
longer than 1/D - of 2 used multiple segments. During mold removal
operations it was quite difficult to disassemble the multiple sepments o
extract the interior mold.  1f harm was done to the specimens during
‘his operation, it was not recognized at the time,

6




Although the evliinders were Tabricated in rigid steel molds (Ret
2V, the mold segments sprang  slightly after the fiest disassembly .
After References @ oand 4 were aleesdy published, a short evlinder
seclion  was  mounted ui A lathe to determine (sutftxs'-x'xvtitmiizg;‘:;g more
accuratety than had been done previously. ','I‘he- inside and  outside
vadwes and  the wall thickness varied by £1/32 inch (1.6 mm). The
i‘ttt"\*f‘i‘t‘ﬁt‘id!lt‘ﬁs pm*:imvtm's are summarized in Table 1. ‘

Substituting Equation 2 into Equation 1 and using 1{“ = i}o, 2 gives

the expression to predict implosion pressure for thick-walled cvlinders:
im

Pooos 2kt (/b)Y | (3
i { 0B . - ’

shere ko= LIS - 012(L/D) for L/ <2
k = }.0 . ; for Lfi}“ >0

Equation & s shown in Figure 2,

. » . b tn
which can be used as a design .. ¢
t‘h:! ri. ::_:: A ) * v

A more general design chart :; e
appreach s shown  in Figure 3. £ : « ~ ¢y
ey ) s * l' . ot
T'he chart ix entered with a cylin- % s

z LU 38 :
der L/ i}o and i;mg to obtain the %
P [ ratie. - The implosion pres- . 1 o3

[ . A £
sure  can then  be  ealeulated by 2 ,

3 ' . . L ol o
assuming o concrete compressive g .

. ' . . S i‘mt - ‘\: §“§
strength, € | T ooy v

The effect of different types  ©

; . eh vy searae . ok ‘ o it
of end-closurer on the  implosion T T
?‘{ t-*;txgrigx wils }‘;‘ig‘¢‘§ {“ i}{i ’ s‘“;ti} ' “t.lti Thichovss Vutande Pranwie, i‘p\‘
(Bel 3 so this parameter was 0ot Pgere 2 Relatemdup o Pawation § toy

inchuled o the  design equation. thiech walled vy e
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W, | Ayt AR | AR
- divided into two categories: moder- ,
; " ;
ately long cylinders and long cylin- “"’3b 012 ) a1z odz
s 0.0 0.06 0.06 0.06
ders. Moderately long cylinders 6 ~ :
: . : 0.13¢ 0.03 0.03 0.03
are influenced by end-closures . :
' , .19 0.02 802 0.02
which restrain the cylinder f{rom

Thin-Walled Cylinders : | - Table 1 Outof-Rowmdness Farameters for »
‘ 16-Inch OD Cylinders (Ref 2,4)

Thin-walled cylinders  are

. - . o et .. . - :
instability failure. Long cylinders Phin-walled cylinder. ‘
b Border between thin- and ti;ic&-w:tﬁcsi
eylinder. : ‘
and behave as infinitely long cylin-  hick-walled eylinder.
ders. In Reference 8, thin-walled
cylinders included another category called short cylinders, but in this

report the thick-walled cylinder category encompasses short cylinders

are not influenced by end-closures

(Figure 3). |
The same approach used in ‘Refere'nce 8 is used herein. Donnell's
equation is applied to moderately long cyiinéers arid Bresse“s‘ equation
to long cylinders. An emgirical plasticity reduction factor, n. is used
in both equations 't’a account for inelastic behavior of concrete and
specimen out-of-roundness. The néw’ data permit an n relationship to
sim';{;: to be determined with far greater accuféey than p‘revieixsiy;"
- Empirical n values were determined by calculating the elastic stress
at buckling and dividing this stress into the experimental stress at
implosion. | | | : A i B '
The elastic buckling stresses were calculated as follows:

Donnell’s Equation

. 0.855E,
(c.), = (

085 E; )3!-2
im'D a - QZ)BIQ

R ' ,
® 11 | @

9

R T



and

Bresse's Equation

E, 2 v
- 1 i n
Cin'p = 41 - vz)(R) ! | @

Using v = 0.20 and the approximation R =D /2, Donnell's equation
becomes ' ’

’

1.5
t
1.2; E, n(ﬁ-\ | |
(0,.)p = 75, —_ _ (7)

and Bresse's Equation

2

_ £\
(oim)B = 1.04 Ei T](T)—) . = (8)
o/,

The elastic condition exists when n ='1.

Ei was not measured for each specimen so an empirical relationship
was developed to calculate its value. Figure 4 shows the experimental
initial elastic moduli data asva function of compressive strength. The
American Concrete Institute (ACI) expression for elastic moduli is

shown for comparison along with the empirical expression:

E, = 530 f , (9)

10
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The cmpivieal expression has the rational basis of being devived from

the parabolic velationship for tangent modulus ax follows:

i E T e 1 = e
: i <

‘where B, = tangent modulus

"

" nitimate steain {experimental average was 0.0015)

and the fitted condition of o = 0.56 f;{ when F*i: |
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Values of n are shcwnkin Table 2. Table 3 éhcws the caicuk;tian
of 1 values for the data from Reference 4.% All the data arc shown in ‘
Figui‘es 5 through 7. The fitted inelastic buck%ir{g curves of Figures 5
and 6 were transferred to Figure 8. From this :‘epreﬁentatisn of data,
a design n curve was sclected, which is applicable to both moderately
long and long cylinders. The f} expressien is: N

o, \ a, ' o
n = 1.65 - ‘z,zs(?%?—) 0. 52 < -f-f-“lv: ] . ao0)
C C B o .

Gerard developed expréssiens to predict n for melallic structures
(Ref 11), and these expressions. which can be applied to concrete. are
shown graphically in Figure 9. The n curve from Reference 8 is also
shown. Its eﬁxpiricai shape was dei‘ined by limited data where several
specimens had low implosion pressures which are not in agreément with
that of the new data. The new design n curve has a maximum increase
of 35% over {h'at of Reference 8. (For a structui‘e of givcn geometry.
comparative n values are obtameé by a Imefzr curve inter scctmg the

origin and the n curves.)

¥The wvalues will be different than those given in Reference 8 because

an assumption has been changed. Previously, the 16-inch OD speci-
mens with hemisphere end-closures were assumed to be simply sup-
ported cylinders. This assumption was made at the time becausc the
analysis of results would be conservative. Data were limited so con-
servalism was warranted. In this report. the 16-inch OD specimens,
whici had an L/D_ = 4, were assumed to be freely supperted or, in
othe: words, long gvkn{ier : .

13
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table 3, Plasticity Reduction Factors for 1o-Inch OD Specimens tatter Ret )
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Moderately Long Cylinders.  The expressions to predict implosien
pressure for moderately long cyvlinders are developed as follows.

Equations 9 and 10 are substituted into Equation 7 to vicld:

R 1.
Oim 1090 (3; . S
T = e g ’ (11)
¢ L o
o o

The stress level at implosion, o m/f:“ is calculated by knowing the
geometry of the cvlinder structure. The following conditions determine

the next step:

(a) If (‘Jim/‘f‘C > 1.0, thick-wall analysis is used to predict

implosion, Equation 3

(b) If 0.52 « oim/f;‘\' 1.0, then n is calculated by Equa-

tion 10

(c) If uim'/q‘.< 0.52..Ihan n=1.0

If steps (b)) or (¢) control, the following expression. which was

“developed by substituting Equations 7 and 9 into Equation 1, predicts

the implosion pressure.

P. R e M

A design chart approach is given in Figure 3. Enter the chamt
with the structure's 1./1)0 and l/“u ratio to determine the l‘lm-’f:_ rialiv.

The structure is assumed to have a simple-support end condition.

R

s Yaws 28 L
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For the case of fixed-support end condition. it has been shown :
analytically (Ref 12) that an increase in implosion strength on the order 1
i of b4 can be expected. ‘The implosion pressure can be calculated for ¥
g this case by using the equations presented herein and a reduced cvlin-
der length of 0.851.. | | 3
Long Cylinders. The expressions to predict implosion pressure for = = .
& long cylinders were developed as follows. ' o
o Equations 9 and 10 are substituted into Equation 8 to vicld: . 1
]
§
;‘ 2 ot
I
Oim gie(i}ﬁ , : N
LA ¥ : - S § %)
¢ i ' ‘ A
+ —
1+ 690 (1} )
L4 T
Once the stress level ai implosion is calculated, the same condi- R "
tions as far moderately long cylinders hold: that is. ‘ : o
() If Ghﬁ;’f‘c > 1.0, thick-wall analysis is used to predict
implosion, Equation 3
b) If 0.52 < Giﬁ%ﬁ:‘ < 1.0, then nis ealeulated by Equa- o -
tion 10 '
. . /fT < 0.5 . = 1. i
{(ey If img’ffe .52, thenn= 1.0 ;
- 5
L If steps (b) or (¢) control, the following expression. which was ;
' - developed by substituting Equations 8 and 9 into Eqs::tien 1, predicts ?
the implosion pressure: .
, )V : '
>. = {1 ¥ —— ’ : !]
- Fim 1t Q 3 ir(l}ﬁ) , " (s
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A design chart approach is given in Figure 3. Enter the chart

with the steacture's L7D 0 and /D) ratio o determine the P/ vatio.
0 o m c

Factor of_Safety

Overall Factor of Safety.

Up to this stage, the implosion pressure
calculated by Equations 3, 12, and 14 (or from the design chart of Fig-
- ure 3) is a short=term strength without any factors of safety incorpor-

ated. Different codes of practice have different approaches to assign-

ing factors of safety.  Without discussing the various methods, it ¢can

: "
members range between 2.0 and 3.0. .

This  report recommends the same range. A structure whose ;
intended purpose is to store liquid material might be designed with a
3 1

.- a?

factor of safety; whereas, a structure {or human occupancy should
have a 3.0 factor of safely as a minimum.,

The design ;ippm:wh in Reference 8 included a long-term loading
factor, A Codes of practice typizally recognize the long-term loading
effect in the overall factar of safety without itemizing the effoct .
report follows that practice.

This
Results have recently been published on
concrete  spheres subjected 1o loag-term hyvdrostatic leading (Ref 13)
that have shown behavior similar to the known behavior of concrete in
on-land compression members.  This represents  some assurance that

tollowing existing vn-land practice is appropriate for in-ocean conerete.

Cenercte Compressive Strength.  The implosion pressure is directly

related to the compressive strength of concrete, ', at the time of

PRI

failure.  From available data (Rel 13), it appears that the strength
development of concrete in the ocean s different than that of the
standard fog-cure condition.

The results from Reference 13 are summarized herein.
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If saturation of concrele is assumed 10 ¢ccur, then the following

interim guide can be used for strength gain with age. The initial

28-day fog-cured strength should be reduced by 10% to account for

saturation effects. Suh&-qtzvn% increases of in-situ strength with time
may depend on the depth at which the concrete is located. Depth is
important because it car influence the degree of saturation. At pre-
sent, dala a;"e available at depths of a few thousand feet. In such
cases. the strength increase relative to the 28-day s‘ag-mred‘,su‘engzh
appears to be nil at 1 yvear, 5% at 2 years, and 15 at 5 years. These
values of strength-inerease-with-age are different from those generally
accepled (Ref 14) for on-land concrete of 20% at 6 months and 24% at 12
months. | k ’

For cases where the concrete is at a depth of a few hundred feet.
it is hard to estimate the strength gain behavior.  Fiest, it is unknown
hew much of the wall thickness will become saturated. It could take
months for several feet of thickness 1o become saturated. If the inter-
ior of the structure were 1o be at a relative humidity of less than 1005,
the concrete 'é.‘auhi never become siaturated. However, some of the
concrete wouid be saturated near the outside wall. and that portion
would exhibit a strength different from that not saturated. For the
salurated concrete the compressive sirength should?;é reduced by 10%
o account !‘d;f saturation effects; then it s pmbabl}’ :‘eésanz;%}ié to
permit a strength increase relative to the 28-day fog-cured s:i'é*r;gth of

nil at 6 months and 5% at 12 months.

Effect of Ranforcement.  The experimental specimens were unrein-
forced concrete, whereas any f{ull-seale structure wouid be reinforced

concrete.  The reinforcement certainly contributes to stiffening of the

wall during bending caused by out-of roundness. However., under

ultimate conditions the contribution of the reinforcement is nol easily

assessed

v e W
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It i recommended that the proredures st

Med in various codes of
practice be adapled

For compression members the effect of reinforee-

ment is permitted to contribute to the utimate caipacn_v of the member

as long as the reinforcement is ied dRdinst dateral movement as in a
calumn.  If the vompression reinforcement is pot tied. then the member
15 designed as unreinforced conerete

Qut-of-Roundness.  The design <chast in

Figure 3 is b:\sed on
empirical data sad, therefore,  contains  an inherent out-of-roundness -
Callowance.  This allowanee for thick-walled cvlinders s given in T
1 The thin-walled cylinder test spo
out-of-roundness. and Table B-2 in Appendix B (Pg S presents a

able
cimens were studied in detail foy

digest of their out-of-proundness. A structure having geometrie oler-
ances equat to or less than the test specimens will be safely designed
using I-‘ig'u}'v 3. Conventionud vanstruction practices should ancounter
few problems in matching the peometric tolerances of the tesy speci-
mens.

It s recommended thas, SRCC A alruclure is sizegeont by Figure 3
and wmeets its other design requirements. detailed finite

Ihe analvsis should assume

element anal-
Vais be conducted. aorealistic out-of -round
geometry and model the inelastic behavior of concrete materials,

SUMMARY

The updated  design Euides  represent  some strnilicant changes
compared to the guides presented 1y Refe

rence 8. The design approich
for thick-walled ¢

ylinders was made comparable o that for

thick-walled

spheves by sy an average  wall stress equation with an cmpirical

strength  factor, K Thin-watled  cylinders used  the
[§

approach  ax deseribed  in Reference 8: however, new  experimental

same design

results from 15 relatively fargesseale Specmens permitted g more aceu-
rate development of cmpivical plasticity reduction factor, 1.
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The effect of test specimen 'eat-ef-mundness is included in the
empirvically derived portions of the gun es so use of the gu%{ies implicitly
assumes cm-af-reundness of similar magnitude fcr the new structure.

< This is a safe assumption becuuse out-of-roundness criteria as g;ven in
Table 1 and Tatﬁe B-2 are lenient for large structures (in other words,
large structures should have better geometry control than the test
. specimens). , ;
" Figure 3 is a design chart to predict implosion for thick- and
thin-walled concrete cylinder structures. A feature of the chart is its
simplicity. By Kknowing the t;‘D and Lm{} x'a;ie of ‘th‘e str;zetuz‘*e, the

K - 8

srep?ebmﬁ strength in terms of P, ff* can be determined. implosion

pressnreg Pim’ is calculated by ass:gnisg an f"c to the c’oﬁcrete:. A S -,_f'j
factor of safety is not included in the predicted implosion pressure.

The design chart has application in sizing-outl a sti'u'ctuz'e for a
given depth. Advanced design techniques must be used to complete a
final design, but thesc techniques need to start from near-final dimen-

Y v o A A1 11> 7

sions  This report pmvmes th:* design charts to quickly d&t{*rsﬁme the

z;mr-f%aai dimensions. ; .

CONCLUSIONS | B R

1. Failure of concrete cylindrical structures under hydrostalic
lvading can be described Ly one of three cquations: an average wall
stress equation applies to thick-walled’ cylinders: Donnell's equation 1o

moderately long, thin-walled cylinders; and liresse's equation fo long

H

thin-walled cylinders. An empirical parameter was used in each equa-

tion to oblain agreement between the experimental results and theoreti-

cal expression.

e

2. The finite clement analysis method with a {*nnstilm;x’v miterial
model  predicted  the implosion strength and  structural displacemont

'
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: 4
: behavior of the test specimens with good accuracy (Appendix BY). Fig- : L i
: ure 3, which is the design chart for implosion. is within 104 accuracy
4 of the finite element method predictions.
:-_ . . N v . . k 4
3. The design chavt of Figure 3 can be applied for quickly deter- : 4
: . . . . . Do : 3
s mining the implosion steength (o a conerete eylinder structure of given ; 1
: N ‘ ' SR
H dimensions. : ' ;
A
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Appendix A

THICK-WALLED CYLINDER TESTS

SPECIMEN DESCRIPTION

The SEACON 1 structure (Figures A-1 and A-2) was assembled
from three precast'. reinforced concrete sections. The straight cylinder
section, 10.1-foot (3.08-m) OD by 10-foot (3.05-m) length by 9.5-inch
(241-mm) wall thickness, was fabricated by United Concrete Pipe Cor-
poration. The concrele hemisphere end-closures, 10.1-foot (3.08-m) OD
by 9.5-inch (241-mm) wall .thickness, were fabricated in-house. Toler-
ances on the sections conformed to concrete pipe standards: 1D not te
exceed *0.75 in. (19 mm) or wall thickness not to exceed -0.5 in. (13
mm}.

Steel reinforcement of 0.70% by area was used in both the hoop
and axial direction. Reinforcing bars of 0.50 inch (15 mm) diameter
were employed throughout the structure. A doubie circular reinforce-
ment cage was fabricated for each precast section; the concrete cover
on the outside and inside reinforcing cage was 1 inch (25 mm). For
the cylinder section, hoop rebars had a center-to-center spacing of 6
inches, and axial rebars had a spacing of 27.25 inches (692 mm) and
31.25 inches (794 mm) for the inside and outside cages, respectively.

The hemispherical end-closures were bonded to the cylinder section
with an epoxy adhesive; no other attachment besides the epoxy bond
was employed. The gap between the mating surfaces of the hemisphere
and the cvlinder was less than 0.13 in. (3 mm) for 75% of the contact

area. Prior to epoxy bonding, the concrete surfaces were sandblasted
and washed with acetone.
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Figure A-1. SEACON structure

Prepared for ocean test to implosion,
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A large hull penctration, major diameter of 50.25 in. (127, mm) | ; g

Ll

and minor diameter of 42,4 in. (1075 mm), was located at the apex of :

-
e

each hemisphere. ‘This penctration size was equivalent to 40% of the '

LIS X1 ]

hemisphere diameter.  The design philosophy for the penetrator was (o

wer

make it stiffer than the concrele material it replaced <o that the hemi-

5 sphere was "unaware" of the large hole. The steel penetrator was

epoxy-bonded 1o the concrete, using the surface preparation method
desceribed for the joint.

JOTUREY T TR RS I 1

During the 10-month scafloor construction experiment, an acrylic ‘e

window assembly was used in one penetralor and a hatch assembly in

the other penetrator. The window and  hateh were  subsequently

%
3
S
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replaced with stee} plates for the implosion test.

Six penetrations. major diameter of 6 inches (152 mm) and minor

opelinged 40 diaTe B a e

diameter of O wnches (127 mm)., were included in one of th. hemi- !
spheres;  these penetrations were part of “a seal and  gasket study.

Two smaller penetrations, major diameter of 4.5 inches (114 mm) ;
and minor diameter of 4.0 inches (102 mm), were also included near the '
center of the cviinder section o accommodate pressure rehief valves. ;

For the implosion test, three of the small hemisphere penctrators
were modified for eleetrical feed-throughs and pressure ports. The two :
cvlinder penetrations were sealed.

Additional irregularities in the concrete wall included five {eed-
through boxes for strain gages mounted on veinforeing bars.  These
boxes were Jocaled on the interior wall and measured 2.5 wches (64
mu) - deep by 4 oanches (102 mm) in diaweter. o these areas the doeal

wall thickness was reduced 1o 7 inches (178 mm).

P

Prior to the implosion test, fifteen 3.26-in. (K3-mm) diameter cores’ _ :
were drilled from the wall at various locafions around the cyvhinder, i N
Steel plugs were epoxied in the core holes,

During  orginal assembly, the exterior of the concrete structure
wias coated with a phenolic waterproofing system. After Lightly sand-

.- blastin g the concrete, o primer and fopeoal (Phenoline noo 300) were

—o o N
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spraved onto the concrete. Many air pockets were not coated: approxi-
mately one pinhole per 2 in.? (1300 mm2) cxisted in the final water-
proofing coating. ' '

The concrele structure was instrumented with a‘tatsﬂ of 40 electri-
cal resistance strain gages to monitar hull response under long-term
loading. Half of the gages were placed diametrically opposed to each
other on the structure. The data were stored on magnetic tape inside
the structure and were recovered when the ste*u{"mre was :'etr;’efved
after 10 months. ‘ ,

The concrete material for the cvlinder portion of the structure
consisted of portland cement type 11, sand, and coarse aggregate in the
proportions of 1.0:1.4:2.5 by weight, respectively. The waler-to-
cement ratio was 0.40 by weight, and a water-reducing admixture w;ts
used: the slump was 1.25 inch (32 mm). The average compressive
strength at 28 days of the 6-inch (152-mm) diameter by 12-inch
{305-mm) long control cylinders was 7,800 psi (63.8 MPa). '

Mix  designs of  different ' pmpm‘tiéns were used for the hemi-
spheres:  cement-to-sand-to-coarse-aggregale ratio of 1.0:1.95:2.3 by
weight: water-to-cement vatio of 0.38 by weight! and a \x‘atei'-:‘ﬂéaciﬂg‘
admixture,  Slump was again 1.25 inch '{32 mm). ‘The average compres-
sive strength at 28 davs was 8,170 psi (56.3 MPa). ‘

Of the 15 cores taken from the cyvlinder wall just prior to the
implosion test, 7 were subsequently cut into 3.25-in. (83-mm) diameter
by 6&-in. (I52-mm) long cviinders, which were tested under uniaxial

compression.  Compressive strengths of the cores and from a number of

6x12-inch (152x305-mm) control cylinders at various ages are presenfed

in Table A-1.

Three of the core specimens were instrumented with strain gages

to obtain stress-strain data for the conerete.  Curves of this relation-
ship up to about 90% of the compressive strength are shown in Figure

A-3.  The secant modulus of elasticity to about 40% of f‘:‘ was .Ix10%

psi (30,4 GPa), and Poisson’s ratio was 0.20,

o



v

Table A-1. Summary of Concrete Compressive Strengths for the Seacon Structure

RIT Sh R

Speamens i .
Age of Compressve
. . Concrete Strength
N . Size Curing .
T Iy pe N 1 . fay
e (in.) Numb Conditions® (days) (pst)

I cast 6x12 6 tield 28 7.800
- cast 6x12 2 fog 96 7,070
: vast 6x12 2 field 96 8,550
: cast 6x12 3 fog 294 9,190

cast 6x12 3 freld 294 9,710

cast 6x12 6 fog 608 8.710
- cast 6x12 3 fog and ocean” 608 8,620

cast 6x12 3 field and ocean® 608 8370

core 3.25x6 7 part of structure”’ 2,128 10,470

*Curing of all cylinders for the first 28 days was 2 days steam. 7 davs water tank.
and 19 days ficld.

b After fiest 28 days, cufing was 270 days fog room and 302 days on seafloor at
600 feet.

After first 28 days, curing was 270 davs ficld and 302 days on scafloor at 600
feet.

*Structure was ficld-cured on land for 298 davs, on the scatloor for 302 days, and
then ficld-cured on tand for 1,528 days.

As shown in Figure A-1, the concrete cylinder struciure was
mounted in a steel framework and fitted with a ballast tank. The in-air
weight of the cylinder was 85,000 pounds (38.5 Mg), and the concrete-
steel structure weighed 102,000 pounds {46.3 Mg). The poritive buoy‘-
anéy of the concrete hull was 12,000 'pounds (5.4 Mg), and when bal-
lasted the concrete-steel structure weighed 6,800 pounds (8.1 Mg)
negative in water. ‘
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TEST RESULTS " | o

Long-Term Test 2t 600 Feet

Strain Behavior. The initial strain response of the structure on ; “
being lowered 1o 600 feet (180 m) showed an average strain of 380 ; -
pin./in. in the hoop direction and 170 pin./in. in the axial direction ,,
(Ref 9). From previous work (Refs 2, 3 and 9%, it was anticipated ]
that this low level of léa&ing should not have produced any detectahle ) ;

strain variation along the length of the evlinder sectiop due to the

discontinuity of the cylinder/end-closure joint. The actual strains

showed this to be true.




The concrete was under sustained stress of 1,700 psi in the hoop
direction and 920 psi in the axial direction for 302 days. The average
total creep strain in the hoop and axial direction was 130 and 80
pin./in., respectively; thesc values represent a 34% and 47% increase,
respectively, over the short-term strain (not unusual fox' concrete).
The data gave no indication that the creep sirain was nearing termina-
tion .

The large peﬁctration had little effect on the behavior of the
hemisphere. - Again. the low stress level in the concrete might not have
been sufficient to produce a noticeable strain rise at the penetration.
In any event. it was significant that the penetrator, equivalent to 40%

of the structure's diameter, did not produce a harmful effect on the
structure.

Watertightness. Upon retrieval of the cylinder from the 600-foot
(180-meter) depth after 10 months, the interior of the structure was
free from water that permeated the concrete walls. There was no
evidence of condensation, or even dampness. on the interior concrete
walls . ¥

Results from long-term loading of coucrete spheres in the ocean
(Ref 13) confirm this finding of watertightaces. The 86-ach (1076-mm)
OD spheres had a wall thickness of 4.12 inches (105 mm)} and were
located at depths that ranged from 2,000 to 5;000 feet (600 to 1500
meters). Some of the sphere exteriors were coated identical to ‘the
SEACON structire and showed no water on the interior arter 6 years in
the scean. '

Implosion Test

Depth at Implosion. The depth of implosion for the structure was

4,700 feet (1430 m).

*¥Three quarts of water were {ound inside the structure due to a leak
in a check valve in one of the small penetrators under investigation.
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The means of determining the depth of implosion was not as

straightforward  as  originally pianned.  Pressure  transducers  were

installed on the hull, but these were inoperative al the time of implo-

sion.  During launching of the structure, which was off the stern of an

offshore work vessel, a small hull penetration became damaged and

resulted in a leak of about 25 galions (Y5 liters) of seawater per min-

ute. The weight of the structure increased until a safety link in the

lowering line parted, which occurred at a depth of 2.900 feet (B8}
meters), as recorded by the p:‘a‘s&ln“é ts*ansducer‘s. From this depth
on, the structure free-fell through the water column until implosion
occurred. ‘ ' k '

Data from acoustic depth-recording instrumentation were continu-
ously being recorded on tape during this sequence of events. The
noise gﬁnex';izﬂi by the implosion of the structure was also recorded.
This signal had a rather long duration and showed that implosior could
have occurred at a depth between 4,500 feet (1370 meters) and 4,700
feet (1430 meters). Seafloor depth was 4,700 feet (1430 meters).

1t was known from data on tape that the time between the start of

free-fall and implosion was 160 seconds. By analytically bracketing the

free-fall velocity of the structure between 11.2 fi/sec¢ (3.4 m/sec) anid

12.5 fuysec (3.8 m/sec), it was calculated that the structure (ree-fell

between 1,780 feet (546 weters) and 2.000 feet (610 metors). Adding
these numbers to 2,900 feet (884 meters) gave the total depth raﬁge as
3,690 fset'{i&iiﬂ) meters) 1o 4,900 feet {1491 meters).  Hence, it was
ap;n&*mt that the structure hit the seafloor at a depth of 1,700 feet
{1430 meters) before imploding . ; ,

A manned submersible inspection by the Navy's Sea CUff was
conducted in 1978 to determine whether the structure imploded after
impacting the seafloor. The tight grouping of fragments confirmed that
the structure hit the seafloor first. If the structure had imploded
during free-fall descent. the fragments would have been scatlered.

The inspection alse confirmed that the cylinder section imploded rather
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than that one of the hemispheres or a penetrator failed.

section  was  heavily  fragmented while the hemispheres

recognizable.

There were no means of estimating whether the structure imploded

immediately upon hitting the bottom or remained on the boltom for a
time before imploding. In any event, 4,700 feet (1430 meters) is «

conservative (or minimum) implosion depth.

[t should be mentioned that the structure was instrumented for

strain readings during the implosion” test. The damaged penctritor,

however, was also the electrical feed-through for strain-gage wires:

therefore strain readings were not recorded during the test.

Discussion_of Implesion Strengtn.  The effect of hull stress rate,

due to free-fall velocily. was not considered a significant parameter on
implosion strength when compared to previously tested eylinder models.
For a free-fall velocity of 11.2 ft/sec (3.4 m/sec). the hoop stresses in
the hull increased at a rate of 1,300 psi/min (13.1 MPa/min). Previous
cylinder models with geometry equivalent to that of the SEACON strue-
ture had hoop stress 7Tates about 700 psizmm (9.8 MPa/min).  This
difference in stress rate would have an insignificant etfect on implosion
strength.

Pressure buildup inside the structure was minimal during the
entire test. At the 2,200-foot (880-meter) depth it was known that
13.000 pounds (5.9 Mg) of scaw:ter leaked to the interior. This filled
‘about one-quarter of the interior volume. . By the time implosion
occurred, the interior pressure would not bave exceeded b psi (34 KPa)
over atmospheric.

The exterior pressure at implosion
(14.5 MPa). '

was 2,100 psi

“The implosioft strength of the SEACON hull was

p .
Lm0 2,100 psio o,
f; 10,407 psi v.200

The cylinder

were  rather
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The compressive sit'cng‘th.‘ £;T. was obiained {rom 3.26x6-inch {83x152-
mm) core specimens. The strength of the cores was assumed equal to
that of 6x12-inch {152x300-mm) cast specimens.  The 4Ssazs}ie;f size of the
core specimens would cause a higher ,si:‘rag{h relative to 6x12-inch
cylinders; however, this sirength increase would be offser by the effect
of drilling which causes a strength decrease. o
With the use of the average‘ wall stress approach as exp#ﬁﬁed in R

Fsauation 3, the material strength Tactor was caleulated as:

K= u iar”c} - G.200 1.27
N .«:fu’i}a} 2{9.5/121) )

This factor is shown in Figure ] for the SEACON hull which had an

L,fi}a = 1.4 , : , |
The effect of steel reinforcement on the implosion strength of the '

structure could not be determined from this test. Il the reinforeement

‘as considered effective, then the total wall thickness from transformed

sections would be 10.07 inches.  This represents an inerease ol 65, over

that of the actual wall thickness, which should cause an %-z;u’iv;-t&-m

increase in the mplosion pressure. This single test could not deter-

mine such a small percentage difference in strength.

FINDINGS

1. Phe implosion depth for the SEACON :sh'ua'iis:‘v"u‘;ss 4,700 fect
{1930 wmeters). Lore specimens 325 inches (B3 mm) in diameter hfp 6
inches {1562 mm) long taken Trom the hull gave the uniaxid i-au:;;;z*{-ssiw
strength of W A0 psit (72.2 MPa).

2. Win oane ase of the average wall stress equation, the materid
strength factor, ki, wit, 1270 the wall stress at implosion wan 13,300

pst.
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Appendix B

THIN-WALLED CYLINDER TESTS

SCOPE

A total of 1 unreinforeed concrete evlinder specimens were tested
under hydrostatic loading.  The dimensions of the specimens were o
constant outside diameter, l)“. of b1 inches (LR ma) . overall length of
ida inches (3400 mm), and wall thicknesses oo, of 131, 1.9%, or 339
inches (33, M0, or RB6 wd . The wall-thickness=to-outside-diameler,
l,/l)o. rivtios were .00, 0,037, and 0063, respectively. Two different
types of boundary  conditions were used: a0 simply supporced and o
free end-condition.  Twelve of the specimens were tested under short -
tam ivvdrostatic loading where the pressure wis inceeased until implo-
sions . the remaining three specimens were subjected to long-term load-
ing. -

Stractural behavior was recorded by measuring vadial displace-
ments around  the entive circumference of  the evhnder watl ot varjeus
locations along the lengprtl . Deflected erosa-sectional shapes were plot-

ted from which the followiny' diata could be determined:

) Initial deviations feom cireularity

(h) Radinl dizplacements due to membrome shell action and

hending
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{¢) Location of the worst flat-spot and determination of
maximum radial éi:;;_aiacémf:m ' |

(d) The number of buckle lobes at implosion

Attempis were made 1o oblain Strain data but 'tiit‘fifruiiies ‘were
encountered in applying gages 0 wel concrete. o y

Inspection of failed specimens and fragments of concrete from the
failure zones yielded data on the deflected shape of the structure and
size of the failure hole. ' |

A dctailed presentation of specimen geometry and test rc ulls is
given in Reference 16. This report summarizes portions of those data,

SPRECIMEN FABRICATION
Casting

The specimens were cast monolithically in steel molds. The ‘same
cuter mold was used for all specimens, but different inner molds were
uscd o change the wall thickness, The inner molds were built 1o fold
inward so that the diameler became smaller for removal from isésisi{- of
the concrete cylinder. The inner and outer molds were spaced on the
bottom by a ring and on the top by a spreader bar. ‘ |

Concrete was placed in the molds by free féalii:}g from 2 dome
distribution plate.  When the form was vibrated, the concrete flowed to
the edges of the dome and fell into the mold. By this i{a{thni{;u{*, the
concrele was cvenly distributed around the circumference.

Approxmately 20 hours :s{ue:"{:;azstiisg. the mold was vemoved {rom
the conerete (Figure B-}). Al &:petfimf"ns‘iif{?t‘t? wrapped in wet burlap
and then in pelyethylene film.  They were mﬁ}ses;tn?;lt}y moved taoa

shelfered storage area where a water drip system kept the burlyp wet,
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Figute B 1 Cylinder specemsn

Fyie 12 Specanen partly
Femmy rearsved Trom aold. awembtled made poly etin

lene tem

The specimens were most=cured m this manner anlil assembled for

test.  Durmg assembly (Figure 1R’-2) o dent of polvethylene il was

used o maintain 4 high velative humidity environment around the speci-
wen o minimize shrinkage cracking.  Keeping the evlinder in the moist
environmen!  assured the test conductors  that the coneprete was i a

"wet” condition at the time of the implosion test.
Assembly

The prubvduru to assemble a specimen for test (Fiture B-3) hepan
by placing the eylinder on the bottom end-closnee,  which wan o flat
steel plate. The top end-closure was a steol ring. The top and hattom
closures were held together by cight chains, post-tensioned (o precon-
press the conerete by 20 psi (0.0 MPWD) when the steaeture was sube-

merped in water in the pressure vessel.
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FFor the simply supported end-condition (Figure B-4) e¢poxy adhe-
sive was placed between the concrete and steel ends to correct for :
unevenness at the mating faces. l.ater, steel stiffeners were placed in i 2

the interior at the top and bottom, and expansive-cement grout was

SRR Sc i

packed between the stiffencrs and the concrvele wall.  For the free
- support end-condition (Figure B-4), a 1/8-in. (3-mm) neoprene rubber !
gasket was placed between the steel and concrete. A thin layer of

DERY LN R

cpbx_v adhesive or quick-setting gypsum was used between the conerete
and the neoprene gasket.

RALE T

When the specimen was assembled to the stage where the center 30

shaft was centered at the top and bottom, radius measurements were

te

taken using the following procedure. An arm off the center shaft had

WM B e 4t s

a scribe marker mounted to it. A fixed position table was placed

. .‘,_"_,"p' e

beneath the arm, so when the cenler shaft was rotated, a circle was

e

scribed on the table. The radius of this circle, r', was measured after
the table was removed from the specimen. At the circumferences of 0,
90, 180, and 270 degrees, the distance from the scribe to the wall, ",

was measured using a steel rule accurate to 0.0I-inch (0.26-mm). Ry

)

adding ' and ", the inside radius of the specimen was obtained at the

[ e
[

circumference locations. Deviations in radius around the circumference
were oblained from deflectometer data, so by using the deflectometer
data and the measured radius data, average radius values for the

specimens were determined.
Instrumentation

Instrumentation of the specimens consisted of mounting a deflec-
tometer system 1o measure radial displacements, applyving steain grages
(to some specimens). installing a television camera, and installing a

high-speed motion picture camera.  These systems are deseribed below.,

Deficctometer. The measuring device of the deflectometer system
wias a pofenfiometer (linear position transducer) which had o maximum

displacement of 20,650 in. (16.51 mm) and a measurement accuracy of

43

PN




Y ¥

s , [ ey
B i Tcamama v ‘ TR L A ;

o ISP T e e o

. ; ; L suotipund.pus unddns.apduis v_,.:,, 344 30 s g dandyy

woddng sjdung , ; Tll\ ROV—
EN T FEE T
1
w "
: | . i
i 1 ]
J ]
. . uoddoy adunsg : o ) (]
“ w . m
v ut gt 2014 i
. X 4 b . :
¢ u - -1 1 :
) : . ) 2 1
B -ghu ﬁ‘ N\x . 4 5
. ansundxs Ty \ L “
' . =t susdoau R * !
P 1

3 L

duu jams 7 —

: 4 z/v urg
”

e B R
Nt e MR R Pait st

/ : . Wk e kak ok [y R I TR A R

et



s ¥ TR i

ey N e i AT T

. o i m—ein
&

'f 10.002 in. (0.05 mm). The potentiometers were mounted on arms that
extended from a center shaft. The center shaft was motor-driven at a

" rate of one revolution per 90 seconds.

Radial displacement calibration was accomplished by mounting
aluminum shims of 0.125-inch (3.18-mm) thickness on, the inside wall of
the cylinder so that the steel ball passed over the shims to record
magnitude and direction of inward displacement.

These calibration
marks also determined a 360-degree rotation.

The deflectometer system was insensitive to the axial orientation or
lack of straightness of the center shaft.

B L TR S U S

The top and bottom on the
center shaft were fixed in location, and the shaft was rotated. The

arms were fixed to the center shaft; and, in plan view, the end of each

arm scribed a perfect circle. The steel ball at the end of each arm

moved in and out to conform to the shape of the concrete cylinder.
This radial movement was recorded as changes from a perfect circle.

In reducing the analog dJeflectometer data, an analog-to-digital
converter was used along with a timing system to control the number of
samples taken and the time interval between samples. Over 300 samplés
of analog data were digitized for each 360-degree rotation. This
equates to a radial displacement data point every 0.17 inch (4.3 mm)

around the inside circumference of the cylinder.

Strain Gages. Strain gaging of the specimens proved to be diffi-

cult because the concrete was in a2 wet condition.

Various approaches
for applying gages to wet concrete were tried, but none were success-
ful.

1

]

The problem was in maintaining the bond throughout the entire -
{

test. |

The procedure for strain gaging is described as follows:

(1) Electrical-resistant s‘rain gages (type FA-06-125,

three-element rosettes) were mounted either on brass
shim stock 0.002-inch (0.05 mm) thick or on steel shim

- = -
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(2)

(3)

stock  0.005-inch (0.13-mm) thick and waterproofed,
using standard procedures. These procedures used
normal preparation steps for applying gages to metal
and then were waterproofed ‘using General Electric
Clear RTV 109. This waterproofing approach works
successfully  under  hydrostatic pressure loadings

equivalent to thousands of feet of head. A second

type of electrical resistan! gage used t}vas a self-
encapsulated, waterproof, weldable gage.

The objective was to apply these waterproof gages 1o
the wet concrete surface with an adhesive of sufficient

bonding strength that strain in the parent material is

transferred through the epoxy adhesive, ths‘éugh the

shim stock material, to the gsge. To check the accu-
racy of these shim-stock mounted gages, a control test

was conducted on an aluminum tube loaded in uniaxiul

compressica.  Seven pairs of gages were mounted on

the aluminum cylinder: each gage in a pair was diamet-

rically opposite the other gage. The test consisted of
three pair of single wire gages mounted with Eastman
9-10, two pair of foil gages‘ on brass shim stock
mounted with EPY-150, one pair of foil gag‘eé on brass
shim stock mounted with Eastman 9-10, and onc pair of

foil g'ages on brass shim stock mounted ﬁ*ithiiyse& EA

934. Eastman 4-10 is an excellent adhesive in a dry

cenvironment, so it was ﬁséd in this test as a control.
The results showed that gages mounted on brass shim
stock ::*{?géaies'ttd accurate strains. The different glue
systems did not affect the resulis.

In the first wethod of mounting foil gages on brass

shim stock to the wel-concrete specimens, an under-

water curing adhesive developed at CEL (Ref 17) was

4
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used. . This method did not bond the shim stock to
concrete for the duration of the test. - A second
method used opoxy adhesive llysol FA 934, which was
known to mwaintain a high bond strength when dry-
concrete became wet (Ref 18). The strain data still
indicated that the brass shim stock was not adhering
to the concrete at the higher pressure (or stran)
levels. The third method used Hysol adhesive ‘ng:nin,
but this tme extra attention was paid o roughening
the DbLrass surface, deeply roughening the conerete
surface (by grinding with silicon earbide grit) and,
when applying the gage, embedding the edpes of the
brass shim stock i a thick bead of epoxy around the
periphery. These additional steps also did not solve
tne problem.  The fourth method was to try steel shim
stock, instead of bLrass, and to use the procodures
mentioned  previously. At the same  time.  weldable
gages were tried.  None of these systems wan suceess-
ful; attempts al strain gaging wore terminated.  The
deflectometer  data were  excellent,  and  additional

potentiometers per test were used,

Television Camera. A closed-circuit television camera was installed
at the top of each specimen.  The video taje system recorded imple-

sion.  Although the frames per secondg rate did not permit - detailed

study of the failure zone, the circumferential location of failure could
usually be defined and iin interesting sequence of failure was recorded,

including the sound of implosion.

High-Speed Camera. A high-spesd motion picture camera was

installed at the top of the srecmens. 1t was hoped that a failuve

sequence could be filmed  The camera speed was antially set at 200

s

Cramessee which permitiod W0 seconds of Sl Giwe. The specd could
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have been increased to 1,000 frames/sec, if desired. However. after -

several tests and no coverage of failure, the film speed was reduced to
100 frames/sec to increase the film time to 80 seconds. The vamera was
installed in eight specimens but failure coverage was not obtained in

any test. The techniques used to try to predict imminence of failure

~are discussed in the Test Procedure section.

TEST PROCEDURE

The pressure vessel used in 1h‘e‘{es{s had an inside diameter of 72
inches (1830 mm) and an operational pressure of 5,50 psi {37.9 MPa).
The pressure joad was created b,v' pumping additional water into the
vesyel and thereby compressing the fluid. Freshwater was used in the
{efité. ' ‘ k .

The temperature of the water typically varied between 3° and 10°C
for different tests: however, the temperature inside the specimens
typically varied between 10‘? and 13°C. The higher temperature inside
the specimens was due to warmer room temperature and lights for the
television. ' |

All specimens were placed in the pressure vesse: on the evening

before testing and allowed to soak in order that the degree of water
saturation of the concrete for the different specimens wouid be the
same. It was hoped that soaking overnight partially saturated the
concrete to equél levels. a

The rate of pressure application was 10 psi/min (0.069 MPa/min)

between hold perjods where data were recorded. Hold periods occurred
at 25 psi (0.172 MPa) increments and typically lasted fo. 2.5 minutes.
From the beginning to the end of the test, the overall pressurization
rate was about 5 psi/min (0.031 MPa/min). o

The television monitor was 6pe;'amd throughout the test.  its use
was invaluable in o;ie:‘a%ing !h{? deflectometer system, detecting leaks,

and recording implosion on videociape.
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Several specimens leaked during the test.  Most of the leaks
occurred between the concrete and steel end-closures,  However, some
of tiie specimens had cracks theough the wall and water slowly leaked
through these cracks until the pressure load exceeded approximately
200 psi (1.4 MPa). lLeaks did not affect the test resulls.

For the long-teim loading tests, a digital comparator was used 1o
control the operation of an auxiliary pressure pump and maintain the
pressure load at 22 psi (0.014 MPa). _

Failure of the specimens was instantaneous, with literally a fraction

of a second of advanced warning. High-speed motion picture film of

[failure was not obtained during ecight attempts.  In several of the

cases, the film was exposed before mplosion occurred. In the other
cases. implosion occurred while the operator was waiting for an indica-

tion of failure. Methods used (o indicate failure are described below.

(1) Radial Displacement = A resl time signal from a poten-
tiometer was displayed on an oscilloscope.  During
pressurization periods, the potentiometer was placed on
the worst flat=spot (probable failure zone), and the
rate of inward radial displacement with pressure was
monitored. 1t was believed that an increiase m the
vate of change of radial displacements would indicate
implosion.  This was the case. but warning lime was
ot sufficient to trigger a toggle switch to operate the
camera. ' '

(2) Acoustic Emissions - Acoustic  emission  transducers
were placed on the pressure vessel head or on the top
stiffener to record ceracking activity of the conerete.
It was hoped that the conerete would show consider-
ably more cracking activity just before failure.  This
method was not suceessful because the acoustic emis-

sion  activity of conerete as high and erratic in the

4
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inelastic region.

It was not pussible o distinguish
between spurts of activity and the activity just prior
to failure. ‘

Sawey e

men, closely watched pressure gages during the test.
: A pause in the rate of movement of a pressure gage

peadle would indicate impunent failure.  For severat of

the tests there was no pause in needle movement: and

for the tests with g pause, time was not sufficient to

relay o message.

Vpon removal. the  specimens !
H i

from The pressure vessel were

inspected, phetographed, and sketched. Fragments of concrete from

failure  zone sections were salvaged and  pieced together for closer
inspection of the failure zone.

It was at this stage that wall thickness measurements were made.

The specimen was broken up, and the thickness of the picves was
measured with a2 micrometer.

measurements of wall thicknesses were oblained.

SPECIMEN GEOMETRY

A summary of ihe spocimen geometry is given in Table B-10 huata
oa maxmmum and mmimum wall thickaesses ave” presented. © Also, con-

struction out-of-roundness dJdata at the flat-spot locttions are given

Typically o the minimum wall thickness  comeirded with the flat-spot
locaton  because this oceurred at the ouler mold seams.  Table B-2
gives a digest of the out-of-roundness parameters This presentation

of data. however, is ool truly deseriptive of the eut-ot-round shape
Ficure B-5 shows o eross-section st an cleviation of 5O inches {rom the

bottom, § = .4, of specimen 2-5.

The mitial out-of ~yound shape for

the outer and inner mohkd are shown, using an exdaggerated dsplicement

fal

In this manner. numerous and aceuarate -
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scale. In the regions of 0 and 180
degress, it is observed that the wall is
thinner than nominal and that the
curvature is flatter than that of the
membrane circle. The center of the
membrane circle for the outer wall is
offser from (he center of the inner wall
\53,‘ about 0.02 inches.

Another  cross-sectional  view  at
clevation § = 0.4 is shown in Figure
B-6. The data are a compilation from

several  specimens  cof t/l)0 = 0.037.
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Varitions in wall thickness and mean pradius, R, are shown sround the
circumference.  The average R was 26.03 * 0.05 inches (661 271 mm).
The magnitude of the standard deviation was mostly {rom ithe lack of

accuracy in measuring the radius with the steel rule.

CONCRETE MATERIALS
Mix Design

Concrete was batched and suppliecd by transit mix mmp&n;—*.
Each delivery consisted of 2.0 v (1.5 ) of concrete. The mix was
iitssigmré for 6,000 psi (41 MPa) at 28 days. The proportions of cement
to sand fo aggregate were  1:1.96:2.22, respectively. The cement
content was 876 ib/vdd (401 Kg/md). Water-to-cemen! ratico averaged
8.55. Slump at the time of placement controlled the total water a‘u;}i;*;ﬁi,
and the slumps averaged 3-3/4 4+ 171 tnches (95 2 G mm). |

Portland, low alkali, tvpe I coment was used along with a water-
reducing admixture, Zeecon M, at a rate of 6 ounces (0.17 kg) per t00

pounds (45.4 kg) of cement.  The sand and aggregate were from the

',Saﬁia Clara River Basin, Maximum aggregate size was /8 inch (9.0

mm). and the aggregate underwent hv:i\'}; medin :aeria;i;';atii‘zt_

A summary of the concrele ;:;'ujri-rt%ass is given in Table B-3. The
concrete compressive strengths were measured at 7 oand 28 days and ot
the time of testing. Stress-strain curves were obtained from numerous
specimens.  Several modulus parameters are listed in Table B-3, along
with the ultimate strain and Poisson’s ratie. i-’i;.fm'a‘ B-7 nhow:s repres
senfative stress=strain curves for 7,000 and 8,000 psi I8 and bS MPa)
concrele. ‘

Expansivescement groul, used as a packing material hetween the
stiffraers and concrete wall, had mix propertions of one ;é;s:'{ porthmd
cement type Ko oone part San Gabriel River sand belween sieve sizes 4

and 16, ene part San Gabriel River sand between sieve sizes 16 and 30,
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Forne B7. Unpoval deenprosane streoss st selationshup totoneete
The water-to-cement piatio was 0.37 and a retardant admixture, E42 .
Master Buailder, was used at 4.1 ounces (0,12 kg) per 100 pounds (4564 )
kg) of cement.  The compressive strength of this mix wis 5,520 psi .
(38,1 MPa) a1 7 days taken from three 3x6-ineh (96x152-mm) control
eylinders. ‘

TEST RESULTS
Implosion

Test i‘{%ihiiiéemei and implosien results are presented in Table B-d
The mplosion  pressure, Fim’ and  nendimensionad ratio of  aplosion
strengih, pin;f"f:‘. are given alonge with data on the failure hole size and
boundary behavior, » ‘

A summary of the implosion results s mven i Pable B-b,

Hb
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Post-implosion views of several specimens are shown in Figures B-8

through B-16.  For those specimens having a simple-support boundary

comsdiiion, the fmure noles occurred in the midlength region away from

the ends (Figures B-8 and B-13). For those speemens having a {ree-
support boundary cendition, the failure hole typically occurred at the
top end (Figures B-11 through B-15), but the Tailure hole ovenered in
the midicﬁgih region for specimen 2-1 (the 'simng‘vst Group o specimen)
(sve Figure B-10).

The experimental test setup was probably the cause for the failure
holes that occurred at the top. When the specimens were fabricated,
the fop eviinder edge was hand-troweled and therefore uneven.  On
speeimen -1 the top end-closure ring was placed on the eviinder with-
vt the gasket material to observe unevenness. A rather lirge portion
of the mating sueface showed o gap of from 716 to 178 ieh (2 10 3

mm). A filler materind, such as gypsum used in specimens 2-1 amd hed,

filled the gap adequately. However, use of the gypsum was dJdiscontin-

ued because the material 5 wiater soluble, so small leaks grow into
mijor  leaks.  Epoxy  was used as il.-sk:‘v;}t:n'vam-szt‘ but epoxy  filler
material did not appear o perform adequately Fpoxy has a modulus
about ene-fenth that of conerete and probably about nn&-}i‘i!‘ih hat of
Eyvpsum Howasn't untd after specimen 5-20 win tested (al the end of

the fedt e ajgrareni cthat the eposy ler

HR

L A




R T T N L P NI

SESUIEE

wee

+:

e BE - Post anploston view of
specinen b Lo DY 0ot e
1

phosuppon

Leopne ROTEY P INPIesteR Ve

spoams s b D (LRI RPN
i o

wippenid

W

Fipue B Boggments of Gudueg

Bole Bronsapearnen §

Pawe BHI

\"--f' .

E X X R X N X XA

UM

.
P i A o 4t P SNG  U i MO YO

Postarephenvn g o

ST L NETRAL S
'

i
4

i
i

[PPSR

P

:
e
4
|
]
i
i
N

2 v e emea



EAEas: baiatbid o

o

waen

e,

material wis not & good Suhsiim—
tion . Figure B-16  shows that
specimen 5-2 0 had \ very  oval
failure al the top wige which was a
bearing-type failure.

Boundary behavior is quanti-
ficd in Table B-4. For conveni-
ence, @ nondimensional \f:ﬁm‘; o,
was  selected o express hcund:;ry"

behavior  as  the ralio of  radial

displicement at the end supports lo

the radial displacement at midiength
of the specimen. A rigid support
would bLe identified by ¢ = 0 and a

free support by ¢ = 1,

Qbserved  boundary  perfor-

mances  shosed o amall difft'ii‘{*lu‘tf
between  actual  and  theoretical
behavior.  For “freessupport splm*i-'
mens the i(ituﬁ ¢ of 1.00 was ‘ciésc*iy
:t;s;}r&xim;zizxi Two specimens with
ifi}ﬁ = §.037  showed f t*{*é-su;};n;s'i
behavier where ¢ was 3.90 ‘f;‘md

0.96.  Specimen 2-3 showed unusunl

pehavier where the bottom of the

cyiinder moved eadially inward the

least, ¢ = .60, but the top moved

inward the most, ¢ = 1.36 (i.e.,

the top of the cevlinder at the flat
spot location moved  inward  more

than the middled.

B

Figwie 812 Pragmenms of Gl
hole from specimen -2,

fﬂm‘y_’?}}mﬂ? P

i,

Figure B I Past mmplosion vien ot
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_ For simple-support specimens,
N the ideal ¢ of =z2ero was not ¥
obtained. The radial deflection of 1&
¢ the steel stiffener provided some i
; compliance. The stiffener deflection
1 .
was calculated to be about 0.0] inch
\.
: (0.3 mm) at a pressure load of 500 ;
: psi (3.5 MPa), or a ¢ of 0.08. '
- . : 1
e Measured radial deflections showed : ¥
- values about 0.02 inch (9.5 mm), a b
Figurc B-14. Fragments of failure hole from : ;
specamen 3-1. : i .
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O of about 016, at a distance of 2 mches (50 mm) away from the shf-

feners The test specimens had g

clear length between stifTeners of

27 inches (SI00 mm). After accounting for the compliance of  the

stiffencr. the "actual” length of the cvlinder appeared 1o be about 130

inches (3300 mm): hence, the effect of stiffencr compliance was small.

Fagure Holn Tocad foelue vlapeen 3 2 a0 Ll nec wuppaid
= %

To test for possible reduction inl mplosion  strength due te sus-
tained  loading.  the  mplosion §'x-s1s¥;s;§t-§' of Group 1 specimens was
assumed o be equal to that of the average value of Group 3 specimens,

v, i’im?f" S0 Specimen -] wan ysuhjvs‘imi fo ®AY, of ttt‘i:“ loiad.

£
After 2.5

hours of lomd exposure the specimen imploded, which fmplied

« strength reduction of DL for g relitivedy brief periad of sustiined
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L ading.  Subsequently, the sustained pressure for specimen 1-2 was
Jowered to 80% of predicted short-term strength, while specimen 4-3 was
subjected to 704,

Specimen 1-2 was accidently imploded after 41 hours of load expo-
sure during modification of the electropic pump control equipment: no
record of the actual implosion pressure was obtained. The implosion
s . value listed in Table B-4 was based on a calculaled estimate of the

pressure increase i the vessel for a known duration of pump opera-

L
%
f
{

. tion.  Data were available on the exact time of operation of the pump ;
before implosion occurrdd.  The estimated implosion pressure is pro- :

bably within a 5% ercor limit.

e

Specimen 4-3 withstood a pressure load of 450 psi (3.1 MPa) for
168 hours without incident.  The pressure was then reduced to zero
where it remained  for 16 hours before the specimen was subjected to
ro

5% of short-term strength.  The pressure level was sustained for 2.5

hours without any signs of major structural distress, then the pressure

R e

level wius raised to 95% where implosion occurred after 3 minutes.
Radial Displacement Behavior

Radial displacement terms are defined  diagrammatically in Figu

R
Nk ihar pantietnd . AL Cl 20 o Ao AN e

B-17.  The deflectometer istrumentation method measured radial dis-

placement from initial to deflected shape. w. Membrane radint dispiaee-
ments. woLowere determined from the w data.  The following method
was  used.  The reader should pitture radial displacement data being
displaved en oscillograph p;q;vr as o polentiometer woves around fhe

circumference of a cyvlinder. A straight e would mear o perfoet

1
cirele.  The specimens were not perfect; therefore, the hne moved i

upward (for inwud displacement) and downward (for cutward displ.ﬁvv- E‘

ment). The wavy line on the oscillegiaph paper is o chart of out-of - i:

routitniess ddata. The wavy line can be digitizaed Oleo ecach pomt atong ’

* the hine can be given a magnituade value).  The average of these values |4
is plotted as a staight Noe and represents the membprane curve. The i

average defines the size or radius of the membrane cirele

,
s 12
b
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i
e B 17 Dehnten of dephvement soran, - F
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b
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When a deflected shape was plotied the reference point was the "
‘ i
iocation of the center shaft that held the potentiometer; however, this {
location was not the "true" center of. the deflected shape. The opera- i
tion of finding the true cenler Jocation was that of manually super- o
imposing the membrane curve on the deflected shape and using judg- I}
. ' : - b
ment to decide the Jocation. Judgment was based on fitting the mem-
brane curve (perfect circle} of known size 1o the deflected shape such
o ) o !
that the area between the wavy line and the membrane. curve was i
divided equally. ’ i
The initial and deflected ecross-sectional shaves of a ' free and -
simply supported specimen with their corresponding membrane circles :
are shown in Figures B-18 and B-1¥, respectively. Al specimens i
having a {ree support Jdeflected into an eliipucal shape where the num- . g
ber of lobes., n. was 2. All specimens having a simple  support :
deflected into a shape with n = 3.
' |
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L feation, the leeation connindentiv comeided with the wall sections that
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were than and ssomewhat Vlat aataadly

Hadial Ingiacement data. as shewn in Fuyrsres Bels and B-19,
were plotted b varieus pressare fevels o the test specimens, Data
abitamed  from these ‘;;lui:- were  dned e oanadyvoing the sivuctureal
behuavur, ’ '
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The known terms are w, W and ARi. Hence, radial displacements due
to benrding can be calculated as: .
2
— = + - . -
K Mp T W AR T, (8-3)

i

An estimate of the magnitude of strain on the inside and outside
wall surfaces can be made becausc % and W, are now known. Mem-

brane strain is calculated from: .
v | I

‘o T R B0y |

i : ]

‘g’, !

K {

R '

and bending strain is calculated :I !
from an cxpression developed in "' l! ) §
Reference 19 as: ool f. ,"

b e
wb t 2 . 4,3&/ .
l‘.h = 2 (ll - l ) (B‘S) H e ":' :u . n "'f ) " -(.
2 R Lokl oA anw

lﬁgurv 2SS Radal desplavenaent belunum
'l‘ablc B-G sun‘m“riZUS lh(.' .||nll,: h‘l\glll ol (;Iullp 3 \_\llllch'l'\
havieg D - LO3T and ample

ultimate  radial  displacements  and sappet it a pressure boad o 00819

caleuliated strains. It is interesting
to note that although wy is typi-
cally several times the magnitude of
W the calculated  streains tm and £, are ncarly equal. At implesion
the strains al the flat-spol location on the inside wall experienced shight

tension while on the outside wiall strains were on the order of 4,000

pin. /Zin. compression .
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ANALYTICAL RESULTS AND DISCUSSION
Analysis Description

A structural analysis was ;n-s"fm‘mcéi on the trxp{-t'imenl;ii spocimens
using a finite element method eilled NONSAP-A that incorpordted an
advaneed constitutive relution sahrz’miii)i‘ for the conerete. The ‘;tsz:;ty-
sis  was conducted by Chen, Chang, and Suzuki (Hef ;:;m without the
benefit of the test roesults, ‘iﬁi’us'ﬁ;;i{imsn;t specimen geometry (includ-
ing  the out-of-round peometry, boundary conditions, and  material
properties) wis ksuppli:-t!. Iowan desired te computationally model the
test specimens as realistically :;:e‘;mssihls:} and then determine the RS

racy of the predictions,

Constitutive Model.  The constitutive model was developed in three
parts = elastic, phstic and fracture - for concrele under general stress
states. ‘

For elastic concrefe, it was assumed that, initially, convrete is an

isotropic homogencous linear clastic materinl and its stress-strain rela-

tions are deseribed completely by twe elastic constants, Poisson’s ratio,

v, oand Young's modulus, K. For the present analysis. v = 0019 was

used, and E = 3.66x10% and L 195108 psi (0502 and 289 GPa) were

K P e e

e 1

-

W v,




- determined  from Figure B-7.  The clastic limit envelope in - general

"~" stress spiace was oblained by scaling the fracture envelope down to a

size where uniaxial yield point corresponded 1o about 43% of (he uniaxial

: strength ‘ -

- For plastic. concrete, a steain-havdening plasticity model 25 pro-

posed previously in Reference 21 was used to describe the nonlinear

' irreversible  stressestrain response of concrete materinal.  The plastic
incremental stress-strain relationship based on the pormality flow rule

: in the theory of plasticity  are developed in detail in Reference 22

For fracture. the conerele failed when the state of stress reached i

a covtam oritical value.  Two different types of fracture mede are :
defined here.

(1) "Cracking” ‘Type - When  the  principal  stresses  are ;
cither in the  tension-tension  state  or fensicns
compression  state and their values eaceed the limd :
vitlues. ’ :

(2) "Crushking” Type - When the principal stresses are in ' 2
the  compression-compression  state and  their values : 5
exceed the hmit vilues.  When concerete eracks. the i{
material s assumed  to lose only it .lvnz‘ilv strenyrth
normal to the erack diveetion bhut to retain its sli'vmrlh
parallel to the erack divection. On the other hand, )
when concrete crushes, the materid element lones it i
strength completely. i

i

In the present analvsis, a dual representition of l'r.'u'lurlv criterion

wias oxpressed in ferms of both stredses and straio and specities the
limit value under pnltiaxial sGue of stresses or stsins in the Tollowangy i
forms ., :
‘.
!
3 !
Yl 1 I

R RN
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(1) Stress Critevisn

o) = dy a1 ran? o= s o C(B-6)

where Aa awd T, are material constants and where a is equal 1o 2ero

when the principal stresses are ii; the compression state and equal to

- «1/6 when in the tension-compression or tension-tension state.  The

first invariant, Iik‘ corresponds to the mean stress component of the
stress  state. The term 32 is the second invariant cf deviatoric

stresses,

(2) Strain Criterion

- ;\“ / t.'ss) | B “ﬁ 2 ‘
- = MR EPS-A B E e , -
Rz ) i3 (i"gil T (f) S (B-7)
: - ¢
ar
Haximum of the Principal Sls‘#;i;:s = f.{ g S {B-R}

in which i‘3 correspoids to volumetric strain and JI‘1 is the secomd invari-

ant of év\*iaw;‘é;‘ strains.  The terms tu at;fi v spoecify the maximum
ductilities of concrete under uniaxial cmapa'v:ssi\'{? anud }t‘illSii%‘ Iuésaiitt;{
conditions,  respectively,  Herein,  the compressive eylinder strength
was  assumed as ?,{}{iii and 8,000 ps W and 56 MPa); and maximum
Scomproessive strain, fye o was 3,500 pin./in.  The tensile §i§'{‘;;;rt§§. f;.
was assumed. to be 0.09 7 and maximum tensile strain, e was 800
;:ill.."isx. When the stress stale in the conerele sitisfied either the

stress  criterion {(Equation B-8) or the strain oriterin (Equations B-%

T

i

B L L L I T
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-
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and B-8), fraciure of concrete was assumed to occur.  If the fracture
stress state lies in Lthe tension-compression or tension-tension Zone, a
crack was assumed to occur in a plane normal to the direction of the

offending principal tensile stress or strain,

Finite Element Program. In the present work all the analyses were
performed using NFAP program (Refl 23) on computer system 1BM model
370-158. NFAP is a modified and extended version of NONSAP-A wro-
gram (Ref 21), which is- a modified. version of the NONSAP program

orviginally developed by Bathe, Wilson, and lding (Ref 25). The pre-

©sent concrele constitutive model has been incorporated as a subroutine

in the NFAP program.  The average computing time for the two-
dimensional (plane strmn or axisvimetric) problems was about § minutes
for cach case.  ‘The average computing time for cach three-dimensional
analysis was about 62 minutes.
¢
Geometry of Analysis.  The eight cases as listed in Table B-7 were

analyzed using isopavametric shell elements,

(D) Cases 1 oand 3 were modeled as axisvmmetrical problems
with simple-support end-condition.

(2Y Cases b and 7 were modeled as plane strain, axisym-
metreal problems.

(3) Cases 6 and 8 were modeled as plane strain, asymmet-

rical problems.  Out-of-reundness in the form of ¢ = 2

(sev Table 2) was included in the analysis.

(1Y Cases 2 and 1 were treated as three-dimensional pro-

Llems  with large displacement.  Qui-of-roundiiess  in

the form of n = 32 was included in the analysis.
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Cross-sectional geometry Table B-R. CressSectional Geotwan tar Oylindens

for the ceylinders,  which

‘ Syt
includes - data on idealized Coef Rygo | 38 ]t | e | roee o
. . N, ined T RN IR TR AT ] ;‘\ia‘\
out-of-roundness, i~ shown in ot
Figures B-26 and B-27 with v 2ens]o fan| by,
geometry . values given in 2 | s foos ] wn | g
e outiie [ B
Fable B-8. 4 conts L ood] 1ot ] s it
3 ot o H !;: "
Implosion Results. Table o seuls pude 1 L
T em—— T} xMwsia LRl o
i}-7 summarizes the results of s 1 ors s L uoe] L sal »
5 a1y 3 . ; "
the analyses in  terms of Wooow, R M2
imployon pressures that were : ,
k . . ot . ISR L
controlled by strain failure .
criteria, ’{?iﬁ‘}"' and  stress e 0 3‘;‘"‘"‘; T
. R g
failure criteria, (P_ ) . The
.i . N .im 3 h w3 L Roo o, Sltands
implosijon strength is given by — u ‘
. . - . £ [T N
the nondimensional ratio of o IR
- H
P /{'. ‘The analvtical implo- ‘ Lttt :
um < * ‘ ‘ p et —‘;ﬂ-ﬁiw ety ©a?®

sion strength is compared to "
Sre b # o

the experimental strength h}f e L 100"

the ratios shown in the last

two  columns of Tuble B-7. ‘ , .
The experimental specimens were oul-of-round c_\fkin{iefs s0 a true

comparison  between analysis and eXperiment is only for out-of -round

cylinder cases (Cases 2, 4, 6. and 8). The average ratio of strain-

controlled implosion strength to experimental implosion  strength was

0.89 and for stress-controlled implosion strength to experimental implo-

sion strength was 0.93. ’ : . ; ,
The stress criterion failure mode predicted implosion with better

aceuracy than the strain eriterion method.  Tooking more closely at

L]

ndividual cases, Case 2 was an instability  failure mode and analysis

£oa

prodicted implosion  15% fower than experimental.  Cases 3. 6. and 8

were maternl failure medes. and analysis predicted mplosion  only ¥,

lower than experimential,

I .o
P18 YO TN
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Interestingly, the strain criteria that controlled in all cases,

¥

except Case 2, was a lensile s‘u‘ain limit of 800 wpin./in.. and nol a

compressive strain limit. The limiting tensil> strain occurred in the
radial direction of the wall (increase in wall thickness) at midlength for
the free-support specimens and at a distance of & = 0.4 from the end
for the simple-support specimens. Tensile straip had an influence on
failure because the wall thickness would iaminate and facilitate a shear-
compression type of material failure of the wall. Ewvidence of wall
lamination has been observed in fragments of thick-walled spheres

under hydrostatic loading (Ref 26) but was not observed in the frag- :

ments of cylinder specimens. ‘ , ;

The effect of out-of- :

roundness in reducing the :

Tabic B9 Reducthion m Implosion Strength Due to ) . ‘

Qut-of-Roandness implosion strength of a per-

fectly circular cylinder is

Pervent Reduction i niplosien Strength . . e
Failure Hetneen Case Numbiers! shown in Table B-9. Cylln

Latena

1 der 1/D_ influenced the out-
182 ing SN0 INK Average o]

of-roundness effect con-

Ntran
i + K] 9 20
Control

siderably .. Cases 1 and 2 are

Sress

14 16 o i U thinner specimens than Cases’
3 and 4, but all have a

. N
Faest e numbier desigeates pertect oy hindor, socona

case nuobe diestnates vat of soiod oiader, sl'mple-su‘)port end'condll 1on.

Contral

the thinner specimens showed i

a 4% reduction due to out- ,

of-roundness. whereas the thicker specimens showed a 16% reduction. ¥
A similar observation is made between Cases 5 and 6 which are thinner ,
. than Cases 7 and 8, all having a fl‘ee;support end-condition. _ i
The influence of end-condition on out-of-round effect can be ;
, observed with Cases 3 and 4 and 5 and 6, all of which have t/l')O of :
0.037. Cases 3 and 4 are simply ‘supporteu' and showed a reduction of
16%: whereas, Cases 5 and 6 are _l'rcrel_\' supported and shewed a reduce-
tion of 16%.
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The effect of cylinder length can be observed frem Cases 3 and 4

and 5 and 6, all of which have the sane /D vatio of 0.037 but differ-

ert effective lengths. Cases 3 and 4 had an L/D, ratio of 2.35, and

Cases 5 and 6 had an L/D_ ratio of infinity. For the out-of -round
cylinders (Cases 4 and 6), the shorter cylinder had a predicted

increase in implosion strength of 53% over that of the infinitely long

eylinder. Experimentally, the increase in strengtu was 41%.
Displacement Behavior

The predicted deflected /shapes for free-support and simple-
support specimens are shown in Figures B-16 and B-19. For the free-
support cylinder (Figure B-1R), the predicted shape 5 a fuir approxi-
malion of tim experimental shape. It should be noted that the pressure
level for the experimental shape is near implosion at 400 psi (2.8 MPa)
where the ssnai;\'iicsi shape is at implosion at 346 p»i (2.4 FII’::}, For
the ﬁmpiemu@imrt c*yli‘sdsr (Figure B-19), the comparison is good.

The predicted radial displacement bebavior as a function of pros-
sure is shown in Figures B-20 and B-22. Comparison «f the experi
mentdl Lo analvtical behavior is s;uiti- good. For thue out-of -round
cylinders, note that the §}i't‘fiiif¥{?{.§ implosion pressures using the strain
or stress criteria are approximately the same, )

A large difference in ultimate radial displacement was observed
between perfect and out-of-round -specimens.  ror cylinders of uh =
0.037 (Figure B-21), the experimoental our-of-round c54§§rzdzat‘ showeid
w = 0.508 inch {13 mm), while the p:-\: fe-b% evlinder had :{ = L.0B inch
(2 mm} - a o.d-fold increase. «_["m" specimens I}:Q"il}?.‘ the  same iﬁ-“f}‘}
ratio of .037 but different end-support i‘e*ihﬁiit)ﬂﬁ il"i;;‘h:'vs B-2i oandd
B-22), e free-support oviinders hhn‘.{'i-d an uliimate displacement of

H
H

¢ = 568 inch (B3 mm) compared to the simple-sapport evihnder,

w = U085 ineh (5 mm) - o 2.7-fold meroine
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. ' wadial displacement behavior along the length of the cvlinder is
B shown in Figuces 8-23 through B-25. The effect of the simple-support
3 Is vividly shoan in lgures B-23 and B-25.  The comphance of the

- actual ring suffener in the experinental tests can be observed in Fig-

ure B-25 where approximately 0.02 inch (0.5 mm) of radial movement
occurred.
. For the free-support cvlinder (Figure B-248) .. the difference
I between experimental and analytical behavior appears greit. However,
T this same difference is shown in Figure B-21. where the comparison ;
appears better,  Experimentally. the free-support ¢nd-condition using a

rubber gasket modeled the ideal (ree-support quite well.

FINDINGS - ‘ 5

1. Analytically, using the fimte element program NONSAP-A with
an advanced constitutive material modél, the behavior of the cylinder
specimens wis predicted with good accuracy . The mplosion pressures

s

were predicted T lower than actual when a stress eriterion conlrolled

Failure. It was found experimentally  that specimens of l.;‘l)0 of 255

L)

!

. . . e i

. had an inplesion strength S greater than specimens of infinite length i
i

[]

[

{

-2y

(long cylinders): analytically, the increase in strepglh was predicted as

5w
B 15 2

(3]

2. Out-of=roundness  was an important  patiameter in anplesion

PP RTICYRGPC IR R P OY PR L

strength and radial displacement behavior.  Analytically . the effect of

oul-ol-roundness was (o reduce the implosion strength of perfect evlin- .

v
OE W T RUUPRFIT LR N

i

ders by B6% 1o 6% depending on U D ratio and end-support condition.
. [}

The altimate vadiad displcement  for the  free-support experimental

specimens of TN = 0037 was 0002 jnch (13 mm), which was b times

e

the displacement for o perfee! eviinder.  The necd to model out-of-

roundness o obtain acceurate analyvtical predictions was found important.,
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.3, Rodial displacement data Jor the specimens showed that the

deflected shape for the free-support cvlinders had two lobes (n = 2)

and for the simple-support ¢ylinders had ‘three !obes (ak= 3). The
membrane and bending radial éispiai:emems were determined, and esti-
mates of strain were caiculated at the failure location. It a§ipear{ed that
at the worst flut spot the strain level at failure was slight tension on
the inside wall and ahoaﬁ 4,0 ) min /in. compression on the outside

wall.
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LIST CF SYMBOLS

Outside diameter

Initial elastic modulus
Secant elastic modulus
Tangent elastic modulus

Unizxial ccncrete com-
pressive strength

Material strength factor
-for cylnder structures

Material strength factor
for spherical structures

Cylinder length
Number of lobes
External pressure
Implosion pressure

Analytica) implosion pres-

‘sure controlled by strain

criteria

Analytical implosion pres-
sure controlled by stress
criteria

Average radius

Outside radius

Average wall thickness
Minimum wall tnickness

Radial displacement from
initial to deflected shape

Bending radial displace-
ments

Mem!eane vadial displace-
ments

AR
AR,
i

AR

Atmin

[lagd

Q.

WimR

(

Tim’D

1]

Total radial displacement
(see Figure B-17)

Deviation in radius

Inside deviation from
average radius

Qutside deviation from

average radius

t - thin

Ultimate strain
Bending strain
Membrane strain

Empirical plasticity reduc-
tion factor

Angular coordinate (see
Figures B-26 and B-27)

Angular coordinates of
failure zone

Angular coordinate of
center of failure zone

Poisson's ratio

Nondimensicnal distance
along ¢ylinder length
{see Figure 1-3)

Wall siress
Wall stress at implosion

Wall stress at unplosion
predicted by Bressce’s
equation (Equation )

Wil stivess al implosion
pridicted Ly Donnell's
cguation (Equation i)

e of radial dispiace-
ments belween end an i
midetie ol oybnader
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